Epigenetics has emerged in recent years as one of the most important biological mechanisms linking exposures across the life course to long-term health. This article reviews recent developments in our understanding of the metabolic and genetic determinants of epigenetic variation in human populations.
INTRODUCTION
Epigenetics is concerned with information in the genome in addition to that contained within the DNA base sequence. It comprises a number of mechanisms that involve modifications to DNA, histones, RNA and chromatin, with functional consequences for the human genome. It is emerging as a key mechanism through which the environment can directly influence the human genome in ways that may persist over decades, or even more than one lifetime, with significant consequences for health and well-being across the life course [1] .
Epigenetic states change with age in complex ways. Epigenetic variation increases and the pattern of coherent blocks of DNA methylation breaks down with age; global methylation falls with age; gene-specific methylation may increase or decrease with age; some repeat elements decrease in methylation with age but this is not universal; methylation status of a number of imprinted regions is relatively stable across the life course [1] . These processes are influenced by both the environment and genotype, and this gives rise to epigenetic variation between individuals. This variation has significant consequences for biological function, health and longevity, and it is important to understand its origin and the factors that determine it. The importance of both genetics and environment can be most clearly seen in studies in twins where monozygotic twins are epigenetically very similar during the early years of life, but differences begin to develop in childhood and accumulate over time, with the magnitude of these being dependent on age and discordance in lifestyle [2] [3] [4] [5] [6] .
The methyl and acetyl groups that constitute the main epigenetic marks are at the heart of nutritional metabolism and energy flux (Fig. 1) , and there is evidence that the activity of these pathways influences epigenetic status. DNA methylation is controlled by the DNA methyltransferases (DNMTs), and humans have four main variants -DNMT1, DNMT3A, DNMT3B and DNMT3L. There is some overlap in function, but the main role of DNMT1 is to ensure the maintenance of existing methylation patterns, whilst DNMT3A and DNMT3B are primarily required for de-novo methylation, with DNMT3L acting as an essential co-factor, particularly in the establishment of methylation imprints in the gametes. DNMT3A, DNMT3B and DNMT3L are expressed in oocytes at the same time as imprinting methylation occurs. There are also germ cell-specific isoforms of DNMT1, suggesting that it may also have some role in supporting de-novo methylation. DNA methylation can be removed by active or passive mechanisms [8] . Active demethylation can occur through an oxidation step that converts methyl-C to hydroxymethyl-C via the ten-eleven translocation (TET) methylcytosine dioxygenase enzymes [9] . Because hydroxymethyl-C is not recognized by DNMT1, the memory imposed by methyl-C is also passively lost during cell division [8] . There is overlap and interaction between different types of epigenetic regulation with DNA methylation status correlating with histone modification [10, 11] . Propagation of epigenetic signals and their interpretation are controlled by a large machinery of methyl-binding proteins, transcription factors, insulators and so on. These include the methylbinding proteins such as methyl CpG binding protein 2 (MeCp2) [12, 13] and CCCTC-binding factor (CTCF), a zinc finger protein insulator which mediates intra-chromosomal and inter-chromosomal contacts and co-ordinates DNA methylation and higher-order chromatin structure [14] .
GENETIC EFFECTS ON EPIGENETIC STATUS
Significant heritability of epigenetic status has been demonstrated in human twin studies [2] [3] [4] [5] [6] . Nontwin family studies have also highlighted familial clustering of DNA methylation and the change in methylation over time [15] . Even in imprinted genes, the methylation status is more similar between related individuals [3, 4] . This similarity in genetically related individuals can result from heritable variation in the DNA sequence at the epigenetic target or in the genes that regulate epigenetic processes.
There is now a good deal of evidence that the underlying DNA sequence can account for variation in patterns of methylation within the same region [16, 17 && , 18,19 & ]. An example is the imprinting control region of H19 where methylation appears to be influenced by a local polymorphism [3] . Sequence variation in the genes coding for the enzymes of the epigenetic pathway ( Fig. 1) provides another way in which epigenetic variation between individuals can result from genetic variation. There is a rapidly growing literature on the effects of genetic variation in the genes involved in the provision of methyl and acetyl groups, the genes which use these groups to epigenetically modify DNA and histones, and the genes involved in interpreting epigenetic marks. Examples include the effect of polymorphism in the genes coding for MTHFR, and the DNMT and TET proteins [20] [21] [22] [23] [24] [25] [26] . Interestingly, these effects do not simply result in general increases or decreases in global methylation. Polymorphisms in MTHFR that have been shown to influence some methylation states may not affect important imprinted genes [27 & ]. Such differential specificity within the genome is more likely to influence biological function than a general scaling up or down of all gene expression. The biological significance of genetic variation within the genes of the epigenetic pathway is evidenced by the growing literature, linking
KEY POINTS
Epigenetic status is influenced by a range of exposures across different domains: diet and nutrition, social status, the early emotional environment, infertility and its treatment.
Imprinting status is important in health and disease; it is influenced by the early environment and, once set, many imprinted regions remain stable over decades, with potential implications for offspring health.
Epigenetic status is influenced by genotype, in both the underlying DNA sequence being epigenetically marked and in the genes coding for the factors controlling epigenetic processes, and genetic variation in MTHFR and the DNMT and TET proteins has been linked to the epigenetic status, biological function, and disease risk.
Epigenotype is influenced by genotype, but, unlike genotype, there is the potential for modification and there is evidence for the reversibility of some adverse epigenetic states.
Epigenetic processes lie at the heart of a series of feedback loops whereby the environment can influence the genome and the genome can change the environment that it is exposed to through epigenetic factors in the brain influencing human behaviour, dietary choice, alcohol intake, addiction and physical activity.
these to biological function and disease outcomes [20, 21, 24, 28, 29, 30 & ].
ENVIRONMENTAL EFFECTS ON EPIGENETIC STATUS
The methyl groups which epigenetically modify DNA and histones are produced by the methylation pathway -involving nutrients such as the B vitamins and methionine -whilst histone acetylation uses acetyl groups produced in the metabolism of carbohydrate, fat and some amino acids (Fig. 1) . It is therefore not surprising that diet, nutrition and alcohol intake influence epigenetic status, and there are numerous reports of effects on DNA methylation of alcohol, the B vitamins, protein, micronutrients, functional food components and general nutritional status (see, for example, review [31] ). An area where there has been much recent interest has been in the effect of fatty acids on epigenetic status [32, 33, 34 & ]. The redox metabolite nicotinamide adenine dinucleotide (NAD) is central to metabolism, but it is also a cofactor for the sirtuins (a group of protein deacetylases), and it has been suggested that this could provide a mechanism for the epigenetic sensing of metabolic flux [35] . The epigenome is also responsive to a wide range of nondietary factors including socioeconomic status [36, 37] , smoking [38] and even the early emotional environment [39] .
The sensitivity of the human epigenome to environmental influences is not uniform across the life course. The period at the start of life is characterized by intense epigenetic activity, with significant epigenetic changes occurring in the early embryo and even the gametes before fertilization [40] . The imprinted genes in particular are methylated during this period, but there is variation between individuals in the level of imprinting methylation [27 & ], and this variation -how it comes about and what it signifies -is of considerable interest. There are reports of effects of maternal nutrient intake during pregnancy, affecting human offspring epigenetic status [3, 26, 27 & , [41] [42] [43] . The ultimate donor for methylation reactions is S-adenosyl methionine, which is produced by the folate-methylation cycle, and it has been reported that the use of folic acid use in pregnancy alters the level of methylation within the imprinted genes IGF2 and PEG3, and the repeat element Long MTHFR, methylene tetrahydrofolate reductase; MTR, methionine synthase; MTRR, methionine synthase reductase; SAH; S-adenosylhomocysteine; SAM, S-adenosylmethionine; TCA, tricarboxylic acid; TCN2, transcobalamin; TET, ten-eleven translocation; THF, tetrahydrofolate. Reproduced with permission from [7] .
Interspersed Nuclear Element 1, in the offspring [27 & ]. Interestingly, the effect was of opposite sign in the two imprinted genes, suggesting that it may be naive to assume that this is a simple substrate limitation effect or that the supply of nutrients involved in the methylation cycle will affect all genes equally. Imprinting status is thought to be important in health and disease [44 & ], and early effects on imprinting could have significant consequences for health as, once set, many imprinted regions remain stable over decades [45] . Loss of imprinting is a hallmark of cancer and human imprinting syndromes, where the normal process of imprinting is disrupted, result in a wide range of mental and physical phenotypes including behaviour change, low intelligence, overeating, obesity, diabetes and cancer [44 & ,46-48] . Most of the pregnancy studies have investigated nutrient exposure in mothers, but trans-generational epigenetic programming is also relevant to fathers, and the nutrients they consume during the epigenetic programming of the sperm that provide one half of the DNA of the offspring [49] . The importance of the early environment is not limited to nutrition as infertility and its treatment have also been related to offspring epigenetic status [50, 51 & ].
CONCLUSION
Epigenetics has emerged in recent years as one of the most promising biological explanations linking exposures across the life course to long-term health. Epigenotype is influenced by genotype, but, unlike genotype, there is the potential for modification of adverse epigenetic states resulting from events/ exposures at earlier life stages. Infusion of methionine in animal models has been reported to reverse the effect of maternal behaviour on epigenetic changes in the stress response pathway in the brain [52] . Whilst chronic methionine administration reverses the changes in brain DNA methylation and DNMT3b expression associated with cocaine addiction [53] . We need to better understand the nutritional programming of epigenetic states, the persistence of these marks in time and their effect on biological function and the response to diet. Epigenetic processes provide a mechanism for sensing the environment at the level of the genome and programming the way the genome then responds to the environment over different timescales (from minutes to more than one lifetime). The human diet has undergone profound changes over recent generations and this trend is likely to accelerate. It is important to understand the epigenetic consequences of such rapid changes and how these might affect the health of current and future generations. Epigenetic status is influenced by both the environment and the genotype (in the local DNA sequence being epigenetically marked and in the genes coding for the factors controlling epigenetic processes). But the emerging picture is even more complicated and more interesting than this. Nutrients can directly affect the epigenetic machinery [54, 55 && ], whilst genetic variation in the pathways that control epigenetics can influence nutritional status [56,57 && ]. Most surprising of all is the possibility that the genome may affect the environment that it is exposed to through epigenetic factors in the brain influencing human behaviour, dietary choice, alcohol intake, addiction and physical activity [1] .
The process of epigenetics is at the heart of a series of feedback loops linking the environment to the human genome in a way that allows crosstalk between the genome and the environment it exists in. We are only beginning to understand the implications of this new paradigm for human biology and human health.
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